A commercial polyamide seawater reverse osmosis membrane (Woongjin Chemical CSM) was surface-modified with fluoro-compounds. The effect of this surface modification on both water and NaCl permeability before and after organic fouling was investigated. The structural and electrical characteristics of the membrane surface were measured using atomic force microscopy and electrokinetic analysis respectively. When modified, the membrane surface showed only slight changes to the surface roughness and surface charges. The modified membrane also showed highly improved fouling resistance during cross-flow filtration of characteristic seawater organic foulants (humic acid and sodium alginate). Contact angle analysis using the Owens-Wendt theory was used to calculate the surface energy of the modified membrane. Lower surface energy of the modified membrane was identified as the key factor in the improved fouling resistance of the membranes.
INTRODUCTION
With the rise in global population, sea levels, desertification, and industrialization, shortages of freshwater are growing at an alarming rate all around the world. Recently, in order to combat this crisis, there has been a great focus on the development of water reclamation technologies. One of these, seawater desalination, in particular with the use of a reverse osmosis (RO) membrane, has seen a rapid growth in the global market.
In many Middle Eastern countries, Saudi Arabia, the United Arab Emirates, and Kuwait, in particular, desalinated water makes up a major component of their available water resources (Alawadhi ; Drinking Water from the Sea ). Although thermally driven processes, such as distillation, are used in a majority of their desalination processing plants, most plants built after 1990 utilize the RO membrane separation process due to its lower operational/maintenance costs and smaller environmental footprint. Additionally, this process yields high quality water that is free from harmful factors such as boron (Sarp et al. ) .
Despite the many benefits of using RO for desalination, it is not without problems. During seawater desalination RO processes, the membrane suffers from a build-up of organic matter on its surface, which is referred to as membrane fouling. Fouling by such organic contaminants can cause irreversible damage to the membrane surface that can lower flux performance of the membranes during operation, eventually leading to short membrane lifetimes. Previous studies using RO systems in desalination processes have found that natural organic matter (NOM) is the primary cause of membrane fouling (Ghani et al. ; Salinas Rodríguez et al. ) . NOM is a heterogeneous mixture of complex compounds including humic substances, hydro-This study focuses on achieving fouling resistance not by increasing hydrophilicity or changing other surface characteristics but by reducing the surface energy of the membrane. Compounds containing fluorine were used to coat polyamide seawater reverse osmosis (SWRO) membranes in order to reduce the surface adhesion of major organic foulants in seawater.
MATERIALS AND METHODS
The anti-foulants used for membrane surface modification in this study were ATFP (1-amino-3-(2,2,3,3-tetrafluoroethoxy)-2-propanol) with four substituted fluorines and AOFP (1-amino-3-(2,2,3,3,4,4,5,5- 
where θ is the measured contact angle, σ L is the total surface energy of the liquid, σ 
where J w is the permeate water flux, ΔM is the permeate mass change over filtration time of Δt, ρ w is the density of water, and A is the effective filtration area of the membrane sample. NaCl rejection was calculated from the following equation:
where R is the NaCl rejection, C p is the conductivity of the permeate, and C F is the conductivity of the feed.
Fouling resistance of the membrane sample was evaluated by adding 2 ppm of calcium chloride, 10 ppm of sodium alginate (Wako) and/or 10 ppm of humic acid (Aldrich) to the feed solution and measuring the flux decline over a period of 2 h. Flux decline was calculated using the following equation:
where J 0 is initial flux before fouling and J is the flux of the membrane after fouling.
A constant transmembrane pressure testing skid was used to test 8-inch module elements. The system was operated at 800 psi with a recovery rate of 8%. The feed temperature was maintained at 25 W C and the pH was maintained at 8. The feed solution was a simulated seawater mixture with NaCl concentration of 32,000 ppm and boron concentration of 5 ppm. The flux was measured by a built-in flow meter and NaCl rejection was calculated using Equation (3) as previously described. Boron rejection was measured using an auto-analyzer (swAAt, BLTEC Co., Tokyo).
RESULTS AND DISCUSSION
In order to first select the appropriate anti-foulant compound for use in a full-scale 8-inch element, an initial laboratory study was conducted using both ATFP and AOFP as surface modifiers. Table 1 Contact angle measurements were higher with AOFP than with ATFP and with increasing concentration of the fluorocompounds used in the modification. Figure 2 shows the flux decline of the modified membranes after 2 h of fouling. As expected, the surface modified membranes all had better fouling resistance than the control membrane. Additionally, this was extremely evident in the sodium alginate fouling, where the surface coatings on average showed three times less flux decline than the control membrane. Because both ATFP and AOFP showed similar resistance to fouling by humic acid and sodium alginate, ATFP which had a smaller impact on the permeate flux was chosen as the primary anti-foulant compound for the SWRO surface modification.
Prior to utilizing the ATFP anti-foulant for a full-scale 8-inch element, it was determined that the ATFP treatment on its own had too much impact on the permeate flux of the RO membrane. Therefore, a flux-enhancing additive was added to the surface modification. The dip-coating process remained the same but a small amount of additive was added to the aqueous ATFP solution. in place (CIP) cycle was conducted at hours 3, 5, and 7 using a 0.2% NaOH solution at 225 psi. As expected, the surface-modified membrane showed flux declines that were about half of that of the control membrane. But the most impactful advantage was the recovery of the membrane flux after CIP cycles. As seen at hours 3, 5, and 7, the modified membrane was able to recover its flux back to or sometimes to levels even higher than the starting flux prior to fouling. In comparison, the control membrane slowly loses its ability to recover its flux after CIP cycles and suffers a more dramatic flux decline over the same foulant filtration cycle. NaCl rejection properties of both the control and modified membranes remained above 99.5% and did not change during the entirety of the cross-flow filtration. Table 2 shows the results of surface roughness analysis on ATFP þ additive modified membranes. R p-v shows the difference between the highest and lowest points within the illuminated area. R ave is the mean-variance of discrepancies between roughness at each pixel based on average height Z 0 in the illuminated area as shown in Equation (5). Here, S is illuminated area and ƒ(x,y) is the coordinate of height at each area; a and b represent horizontal and vertical lengths; Z 0 is the average height, which is shown in Equation (6); R rms is the squared mean-variance of discrepancies between roughnesses at each pixel based on Z 0 in the illuminated area shown by Equation (7):
In terms of the relationship between a membrane's fouling resistant characteristics and surface roughness, smooth membranes are reported to be less susceptible to fouling than rough membranes (Elimelech et al. ) . The ATFP þ additive modification had a slightly less rough surface than Figure 4 shows the EKA analysis of the ATFP þ additive modified membranes in comparison to the control RO membrane.
In terms of surface charge, there does not seem to be a significant change between the modified and control membranes. Rather, the control membrane has a more neutral surface than the modified membrane which indicates that the ATFP treatment does not impart its anti-fouling properties due to surface charge differences. With the ATFP þ additive surface modification properly characterized in laboratory-scale testing, a full-scale 8-inch
module element was rolled and tested in a cross-flow testing skid. Table 3 is a summary of its performance in comparison 
